Hydrogel-based scaffolds such as alginate have been extensively investigated for cartilage tissue engineering, largely due to their biocompatibility, ambient gelling conditions, and the ability to support chondrocyte phenotype. While it is well established that the viscoelastic response of articular cartilage is essential for articulation and load bearing, the time-dependent mechanical properties of hydrogel-based cartilage scaffolds have not been extensively studied. Therefore, the objective of this study was to characterize the intrinsic viscoelastic shear properties of chondrocyteladen alginate scaffolds and determine the effects of seeding density and culturing time on these properties. Specifically, the viscoelastic properties (equilibrium and dynamic shear moduli and dynamic phase shift angle) of these engineered cartilage grafts were measured under torsional shear. In addition, the rapid ramp-step shear stress relaxation of the alginate-based cartilage scaffolds was modeled using the quasi-linear viscoelastic (QLV) theory. It was found that scaffold stiffness increased with both culturing time and cell density, whereas viscosity did not change significantly with cell density (30 vs. 60 million/mL). Similar to native cartilage, the energy dissipation of engineered scaffolds under pure shear is highly correlated to the glycosaminoglycan content. In contrast, collagen content was not strongly correlated to scaffold shear modulus, especially the instantaneous shear modulus predicted by the quasi-linear viscoelastic model. The findings of this study provide new insights into the structure-function relationship of engineered cartilage and design of functional grafts for cartilage repair.
Introduction
A rticular cartilage, a dense connective tissue covering the articulating ends of bones, is subjected to significant compressive loads and internal shear stresses at the cartilagesubchondral bone interface, and during the rolling and/or sliding motions of diarthrodial joints. 1, 2 With cartilage trauma and progressive degenerative diseases such as osteoarthritis, the collagen matrix is severely damaged, and the labile proteoglycans are often lost from cartilage. This leads to less effective load support and the eventual destruction of the tissue and of the involved joint. Unfortunately, articular cartilage has a limited ability for self-repair. [1] [2] [3] Some clinical successes associated with current treatments such as autologous chondrocytes implantation 4, 5 and osteochondral grafting with mosaicplasty 6 have been reported. However, as biological grafts are limited in supply, associated with donor-site morbidity and structural constraints, tissue engineered cartilage grafts have emerged as a promising alternative. 7, 8 Given the complex loading environment of articular cartilage, current efforts in tissue engineering have focused on matching the mechanical properties of the engineered tissue with those of the native cartilage. [9] [10] [11] The end-goal of this functional tissue engineering paradigm is to develop grafts capable of meeting the critical long-term mechanical demands in vivo. To this end, the successful engineering of cartilage grafts have to strategically capture, the viscoelastic properties of native cartilage. Articular cartilage can be modeled as a soft hydrated mixture consisting of solid and fluid phases, 12 and it exhibits a time-dependent viscoelastic response to applied constant load. 2 Consequently, chondrocyte response to physical signals such as stress, strain, fluid flow, electrical current, and voltage within the extracellular matrix (ECM) of native tissue and the tissueengineered cartilage grafts is expected to be highly dependent on matrix viscoelastic properties. 13 Alginate has been widely investigated as scaffold material for cartilage tissue engineering. [14] [15] [16] [17] [18] [19] Derived from algae, it is a polysaccharide composed of linear block copolymer of D-mannuronic acid and L-guluronic acid. 20 Primary advantage of alginate include the well-documented maintenance of cell phenotype and morphology, uniform cell seeding, and 1 matrix elaboration. In addition, it can be fabricated into various sizes and shapes to fit the defect site, 21 injected with cells in a minimally invasive manner, [22] [23] [24] and used for growth factor delivery. 20 The mechanical properties of alginate hydrogel crosslinked with divalent cations have largely being investigated under compression. 19, 25 While valuable information on alginate properties has been obtained, these tests do not fully capture the viscoelastic behaviors of these hydrogels, as they cannot decouple solid matrix intrinsic viscoelastic effects from the flow-dependent viscoelastic effects in such hydrated multiphasic mixtures. 12 For hydrogels such as agarose and alginate, which usually have a water content of more than 95%, 26, 27 the flowindependent and flow-dependent viscosities play equally important roles in the viscoelastic response under compression. [28] [29] [30] In this context, the torsional shear test may be used to directly extract the intrinsic viscosity of the solid matrix of acellular or cellular hydrogels, and thus allow full characterization of the scaffold viscoelastic properties. Specifically, the equivoluminal torsional shear test can be used to extract the intrinsic viscoelastic properties of the solid matrix that includes polymeric chains and the ECM macromolecules produced by cells. 31 Assuming that the material is homogeneous and the stress response to the deformation of embedded cells is negligible, the torsional test imposes, kinematically, a state of pure shear within the sample and with minimal interstitial fluid flow throughout the hydrogel. 2, 32 Thus, the energy dissipation during pure shear tests on cylindrical specimens comes solely from the internal friction (i.e., the viscosity of the solid matrix), and thus can be separated from the frictional drag caused by the relative motion between the interstitial fluid and the porouspermeable solid matrix. 12 The overall objective of this study was to examine temporal changes in the flow-independent intrinsic viscoelastic properties of cell-seeded alginate hydrogels. To this end, we evaluated articular chondrocyte response in alginate hydrogels as a function of seeding density, focusing on characterizing changes in the scaffold viscoelastic properties over time. Specifically, (1) scaffold compressive and shear properties, as well as biochemical contents of these scaffolds at various cell densities (0, 30, and 60 M/mL), were determined at 1, 10, 20, 30, and 40 days; (2) the rapid-step shear (to approximate the Heaviside step-shear loading function) stress-relaxation data of the scaffold were also modeled with the quasi-linear viscoelastic (QLV) model, based on a continuous spectrum proposed by Fung. 33 Since the shear response of native cartilage 34 and acellular alginate hydrogel 35 has been shown to be independent of strain rate, it can be best modeled with the QLV theory, which preserves the benefits of linearity with convolution and allows for relatively simple analysis with Laplace transformation. It is anticipated that findings from these studies will provide new insights into the structure-function relationship of the tissueengineered cartilage graft and enable the design of optimal hydrogel scaffolds for functional cartilage repair.
Materials and Methods

Cells and cell culture
Primary articular chondrocytes were isolated from the full-thickness cartilage of carpometacarpal joints of 1-4-week-old calves obtained from a local abattoir (Rutland, VT) following published protocols. 36 Briefly, the isolated cartilage was minced and then rinsed several times with Dulbecco's modified Eagle's medium (DMEM, CellgroMediatech, Hernodon, VA) supplemented with 200 units/ mL penicillin, 200 mg/mL streptomycin, 1% amphotericin B, and 50 mg/mL gentamicin sulfate (Invitrogen, Carlsbad, CA). The cartilage pieces were subsequently digested in 0.25% pronase (Calbiochem, San Diego, CA) for 1 h and 0.05% collagenase (Sigma, St. Louis, MO) for 4 h at 378C. The resulting cell suspension was filtered through a sterile membrane (*30 mm pore size), and chondrocytes were then obtained by centrifugation and used immediately for the experiments described below.
Alginate hydrogel fabrication
For this study, chondrocytes were cultured in alginate hydrogels. Briefly, a 2% alginate solution was made by solubilizing low-viscosity sodium salt alginic acid (Sigma) in phosphate buffered saline, followed by sterile filtration. The alginate used here has an M/G ratio (mannuronic residue/ guluronic residue) of 1.67 and an average molecular weight of *50,000 Da. Chondrocytes were mixed with 2% alginate solution at different densities (0, 30, and 60 M/mL), and the cellalginate suspension was then crosslinked for 30 min in 50 mM CaCl 2 and 0.15 M NaCl (Sigma) in a custom Delrin Ò mold. The resulting samples (10 mm diameterÂ1.6 mm thickness) were cultured at 378C and 5% CO 2 in DMEM supplemented with 10% fetal bovine serum (Cellgro-Mediatech), 1% nonessential amino acids, 100 units/mL penicillin, 100 mg/mL streptomycin, and 20 mg/mL ascorbic acid (Sigma). Acellular alginate scaffolds were prepared as controls. The effects of seeding density (0, 30, and 60 M/mL) on cell proliferation, matrix production, and hydrogel mechanical properties were evaluated over 40 days of culture.
Cell proliferation and matrix synthesis
At each time point, the hydrogel samples were first blotted dry and weighed to obtain the wet weight (WW; n ¼ 6), and then lyophilized for 2 days and weighed again to obtain sample dry weight (DW; n ¼ 6). Water content (%) and swelling ratio of the hydrogel samples were then calculated as (WW-DW)/WWÂ100% and WW/DW, respectively. The lyophilized samples were subsequently digested for 16 hours at 608C with 20 mL/mL papain in 0.1 M sodium acetate, 10 mM cysteine HCl, and 50 mM ethylenediaminetetraacetate.
Total DNA content (n ¼ 6) was determined using the PicoGreen dsDNA assay (Molecular Probes, Eugene, OR) following the manufacturer's protocol. Fluorescence was measured using a microplate reader (Tecan, Maennedorf, Switzerland) with excitation and emission wavelengths of 485 and 535 nm, respectively. The fluorescence intensity values were then used to calculate the DNA content of samples from a linear interpolation of the intensities of various DNA standards. The total cell number was obtained using the conversion factor of 7.7 pg DNA/cell. 36, 37 The glycosaminoglycan (GAG) content of the samples (n ¼ 6) was determined with a modified 1,9-dimethylmethylene blue (DMMB) dye-binding assay 38, 39 with chondroitin-6-sulfate (Sigma) as standard. To account for the anionic nature of the carboxyl groups on the alginate hydrogel, the pH of the DMMB 1112 WAN ET AL.
dye was adjusted to 1.5 with concentrated formic acid (Sigma) so that only the sulfated GAG-DMMB complexes were detected. 38 Additionally, the absorbance difference between 540 and 595 nm was used to improve the sensitivity in signal detection. 39 The collagen content of the samples (n ¼ 6) was quantified with a simplified hydroxyproline assay. [40] [41] [42] Specifically, a portion of the digest was hydrolyzed with 2.0 M sodium hydroxide at 1208C for 20 min. The hydrolyzate was then oxidized by a buffered chloramine-T reagent (Sigma) for 25 min before the addition of Ehrlich's reagent. Sample absorbance was measured at 550 nm (Tecan), and the hydroxyproline content was obtained by interpolation along a standard curve of rat tail type I collagen (Invitrogen). The obtained hydroxyproline content was converted to collagen content using a 1:10 conversion ratio of hydroxyproline to collagen. 43 For histology, the sample was fixed with acid formalin (4% formaldehyde in 70% ethanol and 5% acetic acid), dehydrated with a graded series of ethanol, embedded in paraffin, and sectioned into 7.5 mm slices. Sample GAG distribution was characterized with Alcian blue staining at pH 1.5, and collagen distribution was ascertained with Picosirius red staining. 44 The sections were imaged using the Axiovert 35 microscope (Zeiss, Oberkochen, Germany).
Mechanical properties
The compressive and shear properties of the chondrocytealginate samples (n ¼ 6) were determined at 1, 10, 20, 30, and 40 days. The diameter (d) of each sample was measured with a stereomicroscope (model PP&E 56939; Bausch and Lomb, Rochester, NY), and mechanical tests 31 were performed on a shear-strain controlled rheometer (ARES-LS1, TA instruments, New Castle, DE). Briefly, each sample was placed between two flat porous platens and immersed in DMEM to prevent dehydration (Fig. 1) . The equilibrium compressive Young's modulus (E eq ) of the sample was calculated at 15% compressive strain (e) as follows:
where DF is the equilibrium normal force change due to the axial compression, and s z is the normal stress along the axial direction. The 15% compressive strain chosen here is within the physiological range for articular cartilage, and sufficient for the platens to grip the sample surface without slippage. After a 30-min compressors stress relaxation, a step shear strain (g) of 0.01 radian is applied (Fig. 1 ). The shear stress was then allowed to equilibrate and shear modulus (G eq ) was calculated from the equilibrium torque (T eq ) with the torsional shear formula below:
where I p is the polar moment of inertia of the cylinder, and is given by I p ¼ pd 4 /32. Finally, a dynamic shear test was performed (0.01-10 Hz) on a logarithmic frequency sweep with a specified shear strain amplitude of 0.01 radian. The complex shear modulus was calculated from:
where, g is the sinusoidal shear strain and T is the torque response. In general, G* is a complex number and can be expressed as G* ¼ G 0 þ iG@, where G 0 is the storage modulus and G@ is the loss modulus. The magnitude of the complex shear modulus (|G*|) is therefore given by
, and the phase shift angle (d) between the applied strain and the torque response can be calculated from d ¼ tan À 1 (G¢¢=G¢). In general, a high phase shift angle (i.e., d ? 908) represents a highly viscous material, whereas a low value (d ? 08) indicates minimal internal energy damping in a material, and d ¼ 08 defines an elastic material (i.e., no energy dissipation). 2 Viscoelastic modeling of the step shear stress relaxation
To mathematically characterize the viscoelastic shear behavior of alginate hydrogel scaffolds, a linear viscoelastic single-spectra relaxation model based on QLV theory was used. The QLV theory was first proposed in 1972 by Fung 33 and later used to model a wide variety of biological tissues. [45] [46] [47] [48] [49] [50] In addition, the model was also combined with the biphasic model, 12 which has been used to explain the compressive behavior of articular cartilage. [28] [29] [30] Therefore, combining experimental findings with the modeling of the shear stress relaxation will provide a complete spectrum of data to augment current understanding of the viscoelastic behavior of engineered scaffolds. Compared to a generalized viscoelastic model, the QLV model is a constitutive assumption that reduces mathematical complexities of rheological modeling via convolution and allows for meaningful analysis with Fourier or Laplace transforms.
For the shear tests, the QLV theory assumes that the shear stress relaxation function is dependent on both shear strain and time, and can be written as
where s e is the ''elastic response'' as a function of shear strain g only, and G(t) is the reduced relaxation function as a function of time only. This separation of variables is an essential step that allows mathematical solutions to be derived. Note that if s e is nonlinearly related to the shear strain g, the material is quasilinear viscoelastic, whereas a linear relationship is indicative of a linearly viscoelastic material.
For soft tissues that are insensitive to strain rate (i.e., the hysteresis loop is relatively uniform with respect to a range of shear rates), Fung proposed a generalized reduced relaxation function, 33 which was later written in a simple mathematic form 46 as
where 49 In this study, the elastic response s e is further assumed to relate linearly to the shear strain g, that is, s e (g) ¼ G 0 g, where G 0 is the instantaneous shear modulus since G 0 ¼ s(0)/g(0). The model used for the curve-fitting for the step stress function is assumed to be
with G(t) given in Equation (5) as the relaxation function. It has been reported that the parameter t 1 is usually very small for alginate, with a value of 0.001 s. 35 Using this value, a three-parameter (G 0 , c, and t 2 ) curve fit was used for the step shear stress relaxation data of all samples with a leastsquares curve-fitting algorithm computed with Matlab (Mathworks Inc., Natick, MA). The values of G 0 (instantaneous shear modulus), c (dissipation coefficient), and t 2 (upper limit of the characteristic time) were then determined.
Statistical analysis
All statistical analyses were performed using the Statistical Analysis Software (SAS, Cary, NC). Data are presented as means AE standard deviation. Two-way analysis of variance was performed on the equilibrium compressive modulus, the equilibrium and dynamic shear properties, the viscoelastic model parameters, and the matrix content to assess the variation of the mechanical and chemical properties of chondrocyte-alginate scaffolds with incubation time and cell density. Fisher's least-significant-difference post-hoc tests were performed at a 95% confidence interval to determine statistical significance.
For structure-function correlations, regression analysis was performed to investigate the contribution of chemical deposition to the viscoelastic properties of the tissueengineered scaffolds. Specifically, the data of mechanical properties and matrix content of the cell-seeded groups (i.e., both 30 and 60 M/mL group) at days 10, 20, 30, and 40 were used. The variables that accounted for the variation in hydrogel mechanical properties are water content, collagen content, and GAG content, which were first normalized to the WW of scaffolds. First, the nature of the relationship (e.g., linear or nonlinear) between mechanical parameters (E eq , G eq , |G*|, G 0 , c, and t 2 ) and ECM components (collagen, GAG, and water content) were identified by studying the pattern of the residuals between the experimental mechanical data and the predicted values from the linear or nonlinear regression. The nonlinear relations were then transformed into linear relations with transformed parameters. Finally, a forward stepwise linear regression was performed to find the best set of chemical parameters for describing the variation of the mechanical properties among scaffolds (Table 1) . 51 A combined addition and elimination method was used until only statistically significant associations remained. At each step, the most significant chemical parameter was included and the regression recomputed. Each of the variables previously included was reevaluated and considered for elimination to ensure that it had not become insignificant with the addition of the current variable.
Results
Scaffold water content and swelling ratio
The water content of the acellular alginate hydrogel control exhibited no significant change with incubation time (Fig. 2a) , ranging from 97.1 AE 0.4% to 97.7 AE 0.7% during the 40 days of culture. Similarly, the swelling ratio of alginate control remained relatedly constant over time (Fig. 2b) . However, significant differences in both water content and swelling ratio were detected between the cellular groups and acellular control at all time points tested ( p < 0.05). The water content for cellular groups decreased from 97% on day 1 to 96% on day 40 for the 30 M/mL group ( Fig. 2a ; p < 0.0001) and from 97% to 95% for the 60 M/mL group ( p < 0.0001). A significant decrease in water content compared to day 1 was detected by day 20 and day 10 for the 30 M/mL ( p < 0.0001) and 60 M/ mL groups ( p < 0.05), respectively. A significant difference in water content between the two cell density groups was first observed on day 20 ( p < 0.0001), with a lower water content measured for the 60 M/mL group than the 30 M/mL group thereafter. Similarly, swelling ratios of the cellular groups (Fig.  2b ) decreased with incubation time and cellular density, with a value of *20 measured for cellular alginate hydrogel at day 40. An interactive effect of seeding density and culture time on water content and swelling ratio of engineered scaffolds was also detected ( p < 0.0001).
Cell proliferation and matrix synthesis
For the chondrocyte-alginate scaffolds, while cell number decreased on day 10 for the 60 M/mL group, it increased thereafter (Fig. 3a) . The initial halting of cell growth is likely related to the lack of binding sites on alginate polymer scaffold for cell attachment before the cells have secreted a significant amount of matrix, 52 coupled with cell migration out of the scaffold and hydrogel degradation. As expected, significantly higher cell number was measured at days 1, 30, and 40 in the 60 M/mL group ( p < 0.05). The total cell number of the scaffolds varied significantly with initial cell density and culture time ( p < 0.0001), but had no effect in combination ( p ¼ 0.42). In terms of matrix production, sample collagen content at both densities was found to increase significantly with incubation time (Fig. 3b; 30) . No significant effect due to seeding density alone ( p ¼ 0.064) or its combination with incubation time ( p ¼ 0.46) was detected. A significant increase in GAG content over time was found on day 10 for the 60 M/mL group ( p ¼ 0.012) and on day 20 for 30 M/mL ( p < 0.0001), whereas a significant difference in GAG production was first detected between the two groups on day 20 ( p < 0.05). The GAG content of the cell-seeded scaffolds was independent of any interactive effect between seeding density and culture time ( p ¼ 0.09). The increase in GAG and collagen deposition with culture time and cell density was further confirmed with histological staining (Fig. 3d) .
Mechanical properties
In this study, both compressive and shear properties were determined as a function of cell density and culturing time. The equilibrium compressive modulus (E eq ) and shear modulus (G eq ) of the acellular control group remained unchanged with incubation time (Fig. 4a, b ; p > 0.05). In contrast, both E eq and G eq of the cellular groups increased significantly ( p < 0.0001). For the 30 M/mL group, significant differences in E eq and G eq compared to day 1 were not observed until day 30 ( p < 0.0001), whereas for the 60 M/mL group, the significant increase in G eq was evident by day 20 ( p < 0.0001). Moreover, for the 60 M/mL group, the compressive modulus at day 40 increased about two-fold compared to day 1, whereas the shear modulus increased about 12-fold. A significant difference among the three groups (0 and 30 vs. 60 M/mL) was first observed for both E eq and G eq on day 20 and thereafter, whereas significant difference between each of these three groups (i.e., 0 vs. 30 vs. 60 M/ mL) was detected on day 40 for E eq and day 30 for G eq , respectively.
For the cellular groups, both the magnitude of the dynamic shear modulus (|G*|) and the phase shift angle (d) at 1 Hz increased significantly with time ( Fig. 5 ; p < 0.0001), whereas no significant difference was detected over time for the acellular control ( p > 0.05). A significant increase in |G*| was first observed on day 30 for the 30 M/mL group ( p < 0.0001) and on day 20 for the 60 M/mL group ( p < 0.0001), whereas an increase in d was first detected on day 10 for both 30 M/mL ( p < 0.0001) and 60 M/mL groups ( p < 0.05). At 1 Hz, |G*| increased more than 30-fold for the 60 M/mL group, and d increased about 3.5-fold after 40 days of culture. Significant difference among these three groups was first detected on day 20 for |G*| and day 10 for d ( p < 0.05). In addition, E eq , G eq , |G*|, and d were found to be dependent on the interactive effects of seeding density and culture time ( p < 0.0001).
Modeling of step shear stress relaxation response of chondrocyte-alginate scaffolds
With the QLV model, three curve-fitting parameters (G 0 , c, and t 2 ) that characterize the step shear stress relaxation response were obtained, along with representative curve-fits with time shown in Figure 6 . Specifically, the instantaneous shear modulus G 0 of tissue samples, which represents the ability of the scaffolds to resist the impact of torque force, was found to be about 5 times greater than the equilibrium shear modulus (G eq ) at all time points measured. For cellular
FIG. 2. (a)
Water content (n ¼ 6) and (b) swelling ratio (n ¼ 6) with time in culture for the acellular control group and the scaffolds seeded with 30Â10 6 cells/mL (30 M/mL) and 60Â10 6 cells/mL (60 M/mL). *Significant difference between groups ( p < 0.05).
#
The time point when a significant difference within group was first detected from day 1 ( p < 0.05). Color images available online at www.liebertonline.com/tea.
VISCOELASTIC SHEAR PROPERTIES OF CARTILAGE GRAFTS
group, G 0 increased with time, with a significant change first observed on day 30 for 30 M/mL group ( Fig. 7a ; p < 0.0001) and on day 20 for the 60 M/mL group ( p < 0.0001). In contrast, no significant change in G 0 was evident for the acellular group. A significant difference between the acellular control and 60 M/mL group was first detected on day 20 ( p < 0.0001), and starting from day 30, significant differences were found between all three groups. Moreover, the combination of initial cell density and culture time was found to have a significant effect on G 0 ( p < 0.0001).
The parameter c, calculated from the QLV model and representing the energy dissipation under constant shear strain, increased significantly over time in the 60 M/mL cellular group only (Fig. 7b, p < 0.0001) . In addition, significant differences in c were detected on day 10 between the acellular control and 60 M/mL group ( p < 0.05) and on day 20 between the acellular control and 30 M/mL group ( p < 0.05). Starting from day 30, significant differences were observed between all three groups ( p < 0.05). After 40 days of culture, the highest c value (0.28 AE 0.03) was found in the 60 M/mL group, with c ¼ 0.18 AE 0.02 for the 30 M/mL group and c ¼ 0.06 AE 0.02 for the acellular control. Parameter c was found to be dependent on the interactive effect between initial seeding density and culture time ( p < 0.0001).
Finally, no significant change in t 2 , the reciprocal of which represents the lower limit of frequency of scaffold shear mechanical response, was found over time and as a function of cell density. At day 1, t 2 was calculated to be 2374 AE 640 s for the acellular control, 2664 AE 888 s for the 30 M/mL group, and 2153 AE 763 s for the 60 M/mL group. By day 40, t 2 ¼ 2274 AE 869 s, 2173 AE 159 s, and 2534 AE 471 s for the acellular, 30, and 60 M/mL groups, respectively.
Correlation of matrix contents with mechanical properties
Regression analysis revealed that all mechanical moduli examined (E eq , G eq , |G*|, and G 0 ) increased exponentially with increasing collagen and GAG content, and decreased exponentially with scaffold water content, whereas the phase shift angle (d) and the dissipation parameter c of the QLV model was linearly related to matrix content (collagen and GAG). Therefore, a natural logarithm transformation was applied on E eq , G eq , |G*|, and G 0 before the multiple linear 
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regression was performed. As summarized in Table 1 , stepwise linear regression analysis revealed that mechanical properties of alginate scaffolds correlated well with GAG content and/or water content. In contrast, low correlation coefficients for collagen content were found. Specifically, the coefficients (slopes and intercept at zero chemical content) of the linear curvefitting, the coefficient of the determination (R 2 , defined as the fraction of the total squared error that is explained by the linear regression model), and the p-values of the linear regression were determined. Both sample water content and GAG content were needed for establishing a strong correlation with the equilibrium shear modulus ln(G eq ) (R 2 ¼ 0.74) and the magnitude of dynamic shear modulus ln(|G*|) (R 2 ¼ 0.87). In contrast, water content alone was sufficient for accounting for the variation in compressive modulus ln(E eq ) (R 2 ¼ 0.52), and GAG content alone for phase shift angle d, instantaneous modulus ln(G 0 ), and parameter c (R 2 ¼ 0.79, 0.71, and 0.46, respectively).
Discussion
The objective of this study was to examine changes in the viscoelastic properties of the ECM of the hydrogel-based,
FIG. 4. (a) Equilibrium compressive modulus (E eq ) and (b)
shear modulus (G eq ) with time in culture for alginate scaffolds (n ¼ 6) seeded with 30Â10 6 cells/mL (30 M/mL) and 60Â10 6 cells/mL (60 M/mL). *Significant difference between two groups at the same time point ( p < 0.05).
#
The time point when a significant difference within group was first detected from day 1 ( p < 0.05). Color images available online at www.liebertonline.com/tea. 
The time point when a significant difference within group was first detected from day 1 ( p < 0.05). Color images available online at www .liebertonline.com/tea. Parameters G 0 , c, and t 2 represent instantaneous shear modulus, energy dissipation coefficient, and upper limit of characteristic time, respectively. QLV, quasi-linear viscoelastic. Color images available online at www.liebertonline.com/tea. tissue-engineered cartilage scaffolds as a function of culture time and seeding density. It was found that the viscoelastic dynamic moduli and viscosity of chondrocyte-laden alginate hydrogel scaffolds increased with incubation time and seeding density. As such, no difference in the phase shift angle of dynamic shear modulus was observed for with increasing cell density. In addition, for the first time, the step shear stress-relaxation response of the tissue-engineered scaffolds has been shown to be well described by the QLV relaxation spectral model. Model parameters such as instantaneous shear modulus G 0 and dissipation coefficient c increased over time and with cell seeding density, whereas the upper limit of the scaffold characteristic time had no significant changes. The structure-function relationship (i.e., the contribution of collagen and GAGs production to the dynamic viscoelastic properties of the scaffolds) was also determined. Overall, the results of this study demonstrate that the shear viscoelastic properties correlate strongly with biochemical contents of the scaffolds and that the torsional (pure) shear test is the optimal method for monitoring changes in dynamic viscoelastic properties with cell density and culture time.
The mechanical properties of the acellular and cellseeded alginate hydrogel observed here are similar to those of published studies. 19, 25, 35 The compressive properties (E eq * 12 kPa at day 40) of the chondrocyte-alginate scaffolds are comparable to those reported for low guluronic acid alginate hydrogel seeded with 4 M/mL chondrocytes at day 49 (*17 kPa) and alginate (medium viscosity) hydrogel seeded with 22 M/mL chondrocytes at day 14 and thereafter (*8 kPa). 19, 25 The equilibrium compressive modulus (E eq * 4 kPa) and equilibrium shear modulus (G eq * 1 kPa) of the 2% acellular alginate are within the same range (E eq : 3-4 kPa and G eq : 1-2 kPa after 15 h in 0.15 M NaCl) of those reported by LeRoux et al., 35 which utilized an identical mechanical testing configuration and low-viscosity alginate. It is emphasized that the mechanical properties of alginate are highly dependent on its co-polymer ratio (M/ G) 53 and the testing conditions (e.g., tested in air or in solution, 54 at equilibrium or short term 54, 55 ). Awad et al. examined the difference in the chondrogenic differentiation potential of human adipose tissue-derived stem cells in alginate, agarose, and fibrous gelatin scaffolds, 56 and measured shear properties of low-viscosity alginate hydrogels (E eq * 1 kPa), which were in the same range of those of this study. The low-viscosity alginate was also proven to be advantageous as an engineered scaffold. Previously, it was found that both mechanical properties and chemical contents of medium-viscosity alginate hydrogel seeded with chondrocytes reached a plateau after 14 days of culture. 25 In contrast, they increased with culture time in this study using low-viscosity alginate.
Swelling ratio of engineered scaffolds was measured in the presence of chondrocytes and deposited ECM, which added complexity to understanding this hydrogel property. Seeding cells into alginate had no significant effects on hydrogel mechanical properties at day 1. This indicates that the presence of chondrocytes had a negligible effect on the crosslinking of the alginate, and infers that chondrocytes' initial mechanical properties were similar to the alginate gel. In contrast, the deposited macromolecules, especially proteoglycans, may significantly increase water imbibition. 2 As a result, scaffold WW increased several folds over time of culture with a negligible direct contribution from the weight of the ECM molecules. Therefore, the swelling ratio of engineered scaffolds seems to result from a delicate balance between the swelling of both hydrogel polymers and deposited ECM, and the restriction by the crosslinking between alginate chains and possibly ECM molecules.
Although the dynamic shear modulus increased as a function of cell seeding density, no significant difference in the phase shift angle was observed here. One would expect the phase shift angle to increase with cell density, since more collagen and GAG were produced for the high-density cellular group, and energy dissipation would decrease as a result of the increase of the solid content or decrease in water content. One possible explanation is that although the total proteoglycan content for the 60 M/mL group after 40 days of culture is about 1.8 times of that for the 30 M/mL group, the overall density of proteoglycans is only about 1.3 times, as the volume of the scaffolds is about 1.4 times due to differ- þþ Significant difference between any two groups.
The time point when a significant difference within group was first detected from day 1 ( p < 0.05). *Significant difference between two groups at the same time point ( p < 0.05). Color images available online at www.liebertonline.com/tea. ences in scaffold swelling. In addition, matrix production by chondrocytes inside the alginate hydrogel may stretch and uncoil alginate polymer chains, resulting in increased availability of crosslinking sites to actively resist shear deformation. High efficiency in utilizing the crosslinking in mechanical responses tends to decrease the phase shift angle. Therefore, the competing effects of the increasing friction between molecules and the stretching and uncoiling of the alginate and collagen chains determine the relative viscosity of the engineered tissue, 32 potentially leading to the insensitivity of the phase shift angle to changes in cell density observed here. This is not too surprising as the fundamental assumption of the QLV theory is that the material is shear rate insensitive.
It was observed that scaffold viscosity increased with the macromolecular deposition inside the tissue-engineered scaffolds. This was indicated by the increase in the magnitude of scaffold phase shift angle d and dissipation parameter c over time. For the 60 M/mL group, the phase shift angle more than tripled over the 40-day culturing period, whereas the dissipation parameter c more than doubled. Previously, it was reported that the phase shift angle of acellular alginate hydrogel remains essentially unchanged when the alginate concentration ranges from 1% to 3% as a result of the counteracting effects from the increase of the solid content (i.e., DW/WW) and calcium crosslinks. 31, 35 The fact that phase shift angle d varied with matrix deposition of cellular groups and did not change with alginate concentration suggests that although the deposition of GAG and collagen increased the stiffness of the tissueengineered scaffolds, the newly deposited matrix may not have been assembled or linked structurally. Consequently, the hydrogel network cannot yet form a sufficient number of crosslinks, which are as strong as the linkages between guluronic residues of the alginate chains. 32 It was also found that the phase shift angle was more highly correlated with the GAG content (R 2 ¼ 0.79) than with scaffold water content (R 2 ¼ 0.56) or collagen content (R 2 ¼ 0.45). This observation is consistent with the finding that the phase shift angle of articular cartilage under pure shear is strongly dependent on the GAG content instead of collagen content inside the tissue. 32 Thus, the increase in the viscosity of the tissue-engineered scaffolds may be largely attributed to the interaction (or friction) between proteoglycans, and possibly between proteoglycans and the alginate polysaccharide chains.
In this study, it was found that compared to the compressive test, the pure shear tests appear to be more effective in detecting changes in the cell-seeded hydrogel scaffolds. After 40 days of culture, the equilibrium compressive modulus E eq of the 60 M cells/mL scaffolds increases only about 3-fold on day 40, whereas the equilibrium shear modulus G eq increases around 12-fold; the dynamic shear modulus |G*| at 1 Hz increases 24-fold, and the instantaneous shear modulus G 0 increases 23-fold. These results suggested that the scaffold shear properties may be a more sensitive indicator of the longitudinal variation in hydrogel mechanical properties.
Hydrogels can often be modeled as biphasic materials consisting of two incompressible phases: solid phase and water phase. 25, 57 They exhibit viscoelasticity when the water or fluid inside the hydrogel gradually flows out under compression. Previously, the linear isotropic biphasic theory 12 has been used to accurately describe the mechanical behavior of agarose and to study nutrient transport through the pores of an agarose matrix. 25, 58 For the alginate hydrogel used in this study, the situation is even more complex because it is an ionotropic hydrogel crosslinked by divalent ions such as calcium. To fully understand the mechanical responses under compression, one has to develop sophisticated constitutive models that take into consideration the following factors: the effect of fixed negative charges 59 on the alginate matrix, the affinity of Ca 2þ and Na þ to guluronic acid, and the effect of cross-linking density. The approach utilized here (i.e., shear test combined with the QLV model) has special advantages in its ability to determine and fully describe the viscoelastic properties of the solid matrix of the scaffolds, since volume changes are minimized during the equivoluminal pure shear. The QLV model uses several physiologically meaningful parameters (i.e., G 0 , c, and t 2 ) to fully describe the viscoelastic behaviors of single-phase biological tissues. Specifically, G 0 stands for the shear stiffness of the material upon the impact of a torque force, which is directly related to how tissue would respond during physiological activities such as impact loading from running and jumping. The upper limit characteristic time t 2 is associated with the time necessary for the tissue to fully recover from applied mechanical force or displacement. The dissipation coefficient c is related to what the portion is that the viscosity attributes to tissue stiffness during impact or dynamic loading. With these parameters derived from shear stress relaxation data with the QLV model, one can not only calculate the modulus of the biological tissue at equilibrium or under dynamic loading at various frequencies, but also predict the material response under any arbitrary torque force or shear displacement loading profile. Thus, the pure shear test and the viscoelastic analyses obtained from the QLV model can be considered as essential strategies to directly and fully quantify the viscoelastic behavior of hydrogel-based tissue-engineered scaffolds.
In this study, the obtained T 2 value (*2500 s), two orders of magnitude higher than that of articular cartilage (*26 s), suggested that the relaxation/creep time is much longer for engineered constructs. The value of dissipation coefficient c (*0.28 for the 60 M/mL group at day 40) is about two times of that native cartilage (*0.13). This suggested that new synthesized matrix does not contribute much to storage modulus (elastic component) than the loss modulus (viscous component). As both the engineered scaffold and native cartilage are well described with the QLV model, once these parameters (i.e., G 0 , c, and t 2 ) are matched, the overall mechanical behaviors of the engineered tissue would be the same as the native cartilage under any shear loading profile when interstitial flow effects are not considered such as in a torsional pure shear test. It is of particular importance for the implantation of engineered tissue; the inability to match these parameters will likely lead to stress concentration and the poor integration between implanted scaffolds and surrounding native tissue under physiological mechanical loading.
In this study, collagen content exhibited relatively low correlation with mechanical properties, whereas for native articular cartilage the shear modulus was found to be highly dependent on collagen content. 27 This difference might be attributed to the following: first, the contribution of increased collagen content to scaffold stiffness may appear partially as that of decreased water content; second, collagen content inside the scaffold is relatively low (*10 times lower than native cartilage) and collagen fibers have not been well assembled and organized (as also indicated by localized Picrosirius Red staining in Fig. 3d ) to contribute to scaffold mechanical properties. In this study, the engineered cartilage scaffolds after 40 days of culture still exhibit mechanical moduli (e.g., G eq *12 kPa for the 60 M/mL group) more than 10 times lower than those of the native cartilage (G eq *200 kPa 60 ), although they are comparable to properties achieved in similar studies with alginate hydrogels. 25, 56 Future studies will investigate the crosslinking of collagen fibrils inside engineered scaffolds as well as the aforementioned swelling of ECM macromolecules and evaluate their effects on scaffold viscoelastic properties. Furthermore, it will be interesting to incorporate growth factors such as transforming growth factor-b into the scaffold to promote biosynthesis, or utilize bioreactor systems that can apply dynamic compression and perfusion culture to investigate how biochemical and biophysical stimuli control the maturation of viscoelastic properties of engineered scaffolds.
Conclusion
In this study, the intrinsic viscoelastic shear properties of tissue-engineered cartilage grafts were extensively characterized. In addition, temporal changes in the structurefunction relationships of these alginate-based scaffolds were examined. It was observed that the shear modulus and viscosity of engineered constructs increased with culturing time and with cell seeding. Analysis via the QLV model revealed that the dissipation parameter c, together with the phase shift angle of complex shear modulus of the engineered cartilage tissue, was highly dependent matrix proteoglycan content, which is mainly responsible for shear energy dissipation.
